. Temperature-dependent mutational robustness can explain faster molecular evolution at warm temperatures, affecting speciation rate and global patterns of species diversity. Ecography, 39 (11), 1025Ecography, 39 (11), -1033Ecography, 39 (11), . doi:10.1111 destabilizing water-biomolecule interactions, and the need to maintain structures that withstand heat denaturation, should decrease mutational robustness similarly. Decreased mutational robustness at extreme temperatures will slow down molecular evolution, as a larger fraction of new mutations will be removed by selection. Lower mutational robustness may also select for reduced mutation rates, further slowing down the rate of molecular evolution. As speciation requires the evolution of epistatic incompatibilities that prevent gene flow among incipient species, slow rate of molecular evolution at extreme temperatures will directly slow down the rate at which new species arise. The proposed mechanism can thus explain why molecular evolution is faster at warm temperatures, contributing to higher speciation rate and elevated species richness in environments characterized by stable and warm temperatures.
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Temperature-dependent mutational robustness can explain faster molecular evolution at warm temperatures, affecting speciation rate and global patterns of species diversity 
Introduction
The global distribution of species richness is far from random or uniform. Instead, species richness shows a number of geographical gradients across the Earth. Perhaps the most striking of these patterns is the decreasing number of species from the equator toward the poles, the latitudinal diversity gradient (LDG).
LDGs have been documented for a wide variety of taxa in both aquatic and terrestrial environments (Hillebrand 2004a) . Over very long time-scales, the LDG has been found to be steeper during periods characterized by colder and more seasonal climates, suggesting that climate has an important role in determining distribution of species diversity over the globe (Yasuhara et al. 2012 , Mannion et al. 2014 .
Although a large number of hypotheses have been put forward to explain LDGs (Rohde 1992 , Willig et al. 2003 , Mittelbach et al. 2007 , the idea that greater speed of evolution and diversification in lower (warmer) latitudes may explain current LDGs has gathered empirical support over the past few decades (Gillman and Wright 2014) . This "evolutionary speed hypothesis" suggests that temperature affects the rate of speciation by influencing mutation rates and/or average generation times (Rohde 1992 , Evans and Gaston 2005 , Gillman and Wright 2014 .
There is ample and strong evidence that evolutionary speed, measured as rate of molecular evolution, is faster at warmer temperatures (Gillman and Wright 2014) . Positive association with variables related to the functional temperature of organisms and the rate of molecular evolution has been reported across metazoa (Gillooly et al. 2005) , in marine protists (Allen and Gillooly 2006) , in fish (Estabrook et al. 2007 , Wright et al. 2011 ), in amphibians (Wright et al. 2010) , in aquatic turtles (Lourenco et al. 2013) , in flowering plants (Davies et al. 2004) , and in trees (Wright et al. 2006 , Gillman et al. 2010 . Associations between rates of molecular evolution and net diversification (speciation minus extinction) have been reported from birds and reptiles (Eo and DeWoody 2010, Lanfear et al. 2010) and from flowering plants (Barraclough and Savolainen 2001) , but not from mammals (Goldie et al. 2011) . A recent review summarizing paleoecological and phylogenetic studies concluded that "there is strong evidence that a broad range of life forms have experienced faster net rates of diversification at lower latitudes" (Gillman and Wright 2014) .
In a recent study, Jetz and Fine (2012) modelled global terrestrial vertebrate richness across bioregions using environmental data from past 55 million years. For ectotherms, temperature alone explained more of the variation in current richness than any of the other variables (productivity, area, or their combination integrated over the 55 million years). For both ecto-and endotherms, the best models always included temperature. This study stresses the independent effect of temperature on terrestrial vertebrate richness, especially for ectotherms. Also studies from marine systems suggest that temperature, instead of e.g. productivity, is the most important factor explaining both current (Roy et al. 1998 , Rutherford et al. 1999 , Rombouts et al. 2009 , Rombouts et al. 2010 , Tittensor et al. 2010 , but see McCallum et al. (2015) ), and historical patterns of species richness (Hunt et al. 2005 , Yasuhara et al. 2012 . The strong and consistent marine LDGs are also noteworthy, as they cannot easily be explained by area, time for speciation, spatial heterogeneity, or water availability that have been proposed as mechanisms underlying terrestrial LDGs (Hillebrand 2004a , Hillebrand 2004b ). However, the mechanisms by which temperature accelerates genetic evolution and diversification remain elusive (Evans and Gaston 2005) . Previously, models based on the effects of body size and temperature on metabolic rate have been proposed to explain mutation rates and global diversity patterns. The metabolic theory of ecology (MTE; Brown et al. 2004 ) predicts the effects of body size and temperature on metabolism through considerations of vascular distribution networks and biochemical kinetics. Allen et al. (2006) combined MTE with theory of population genetics to predict the effect of temperature on rates of genetic divergence among populations and speciation in communities by specifying population size, community size, and mutation rate as temperature-dependent parameters. The theory has been further elaborated by Stegen and co-workers (Stegen et al. 2009 , Stegen et al. 2012 to incorporate the effects of temperature on ecological interactions and dynamics of resource supply. The validity of assumptions underlying MTE is nevertheless strongly contested (Price et al. 2012 , Storch 2012 , Glazier 2014 .
A key assumption in metabolic theories for biodiversity is temperature-dependence of mutation rate, which has been suggested to be caused by elevated production of DNA-damaging oxygen radicals with higher metabolism (Martin and Palumbi 1993) . However, there is no evidence for a direct link between metabolic rate and molecular evolution (Mooers and Harvey 1994 , Hoffmann et al. 2004 , Lanfear et al. 2007 , and a direct test of the role of oxidative stress in increasing heritable mutations also failed to find support for this mechanism (Joyner-Matos et al. 2011) . Furthermore, it is not clear how high somatic metabolic rate could influence germ-line mutations (Lanfear et al. 2007 , Galtier et al. 2009 ). The production of oxygen radicals by metabolism is also expected to mostly affect mitochondrial DNA, whereas nuclear DNA should be much less affected (Martin and Palumbi 1993, Hoffmann et al. 2004) . The direct effect of metabolic rate on mutations may thus be of limited importance to overall genomic mutation rates. Indeed, a recent review on molecular evolution and LDG concluded that "metabolic rate may inform little on rates of mutation or molecular evolution and we are no closer to understanding the driver of variation in the rate of molecular evolution and the formation of the latitudinal biodiversity gradient" (Dowle et al. 2013 ).
Mutations often occur in the process of DNA replication, and factors that increase the rate of germ line cell division, especially shorter generation times, could thus explain faster rates of molecular evolution per unit time in warmer temperatures (Rohde 1992) . Shorter generation times have been associated with faster molecular evolution in birds (Mooers and Harvey 1994) , mammals (Bromham et al. 1996 , Welch et al. 2008 and invertebrates (Thomas et al. 2010 ). However, it is possible that selection against somatic mutations in long-lived organisms, and not generation time per se, is the crucial factor affecting molecular evolution (Nabholz et al. 2008 , Galtier et al. 2009 , Lanfear et al. 2013 , Bromham et al. 2015 . Although there is evidence for a statistical association between generation time and molecular evolution, data on the association between ambient (or physiological) temperature and generation time is scarce (McCoy and Gillooly 2008 show that higher temperatures are associated with shorter lifespans), making it difficult to evaluate the general importance of the generation time hypothesis on the association between temperature and rates of molecular evolution. On the other hand, temperature has been linked to the rate of molecular evolution even in the absence of generation time differences in e.g. hummingbirds (Bleiweiss 1998 ) and tropical plants (Wright et al. 2006 ).
There are also other factors that may affect substitution rates, but whose relationship with temperature or latitude is not well known. Such factors include the degree of sperm competition (Wong 2014) , organism size (Welch et al. 2008 , e.g. Bromham et al. 2015 , and population size (see Dowle et al. 2013) . Disentangling the effects of several, often intercorrelated, factors on molecular evolution can be done by incorporating multiple factors to the same model (see e.g. Martin and Palumbi 1993 , Mooers and Harvey 1994 , Welch et al. 2008 , Wong 2014 . It is also important to bear in mind that not all genes or mutations are expected to be equally affected by various factors. For example, sperm competition intensity is not expected to influence mitochondrial DNA evolution, since mitochondria are only inherited from females.
Temperature and mutational robustness
We suggest that the effects of temperature on mutational robustness of proteins and other catalytic biomolecules (e.g. ribozymes) may provide a mechanistic explanation for the slower rate of molecular evolution in environments where ambient temperatures are cold (high latitudes, high altitudes, deep oceans).
In this paper, we focus mainly on the effects of cold temperatures on mutational robustness and molecular evolution. Our hypothesis however suggests that similar patterns should also be evident at high temperatures, and we will comment evidence for slowdown of molecular evolution at high temperatures, where appropriate.
Temperature may affect mutational robustness in two ways. First, regardless of the structural details of proteins, protein thermodynamic stability at neutral pH is maximal around room temperature (Fig. 1A ). This is because the hydrophobic effect, the main force driving protein folding, is maximal at this temperature (Privalov 1990 , Privalov 1997 , Kumar et al. 2002 . The decrease in stability at colder temperatures could be explained through formations of solvent-separated-configurations where the nonpolar protein core is hydrated by a thin layer of water (Privalov 1990 , Dias 2012 . A very recent study suggest that in live cells, cold-denaturation of proteins can be a serious concern at realistic physiological temperatures (Danielsson et al. 2015) .
Second, and perhaps more important, proteins of organisms that have evolved to function in cold environments have evolved to be thermodynamically less stable (Fig. 1B) . It is a well-established empirical fact that there is a tight association between the temperature to which an organisms is adapted to and the denaturation temperature of proteins (see e.g. Fig. 1 in Somero 1995) . The lowered stability of cold-adapted proteins is due to structural properties like decreased core hydrophobicity, increased surface hydrophobicity, increased movement of internal groups, and reduced number of interdomain and intersubunit interactions (Feller 2003, Siddiqui and Cavicchioli 2006) . The decrease in thermodynamic stability is most likely a consequence of selection for increased mechanical flexibility necessary for maintaining activity of the protein in the cold environment where molecular motions slow down (Feller and Gerday 2003 , DePristo et al. 2005 , Siddiqui and Cavicchioli 2006 . It has even been argued that cold-adapted proteins may have reached a state that is close to the lowest possible stability, i.e. that they cannot become less stable without losing the native and active conformation (Feller and Gerday 2003) . Importantly, cold adaptation does not seem to shift the temperature of maximal stability, but reduces thermodynamic stability at all temperatures (Cipolla et al. 2012 ) (see Fig. 1B ). Figure 1 . Stylized effects of temperature on protein stability. The intensity of the orange colour indicates the probability that a random mutation will render the protein non-functional, and the mutation will thus be removed by selection (marked with x). (A) The stability maximum of most studied proteins is around +20°C. A destabilizing mutation may not impair protein folding and stability at +20°C, but at a lower (or higher) temperature the same mutation may be detrimental, and be removed by selection. A recent study (Danielsson et al. 2015) found that in live cells, protein stability decreases much more dramatically at low temperatures than depicted in this figure, suggesting that cold-denaturation is a serious concern in realistic physiological temperatures. (B) In cold-adapted organisms (psychrophiles), proteins are unstable as a consequence of selection for maintaining flexibility essential for catalysing reactions. The low stability of cold-adapted enzymes is hypothesized to result in very large proportion of mutations being harmful and being removed by selection.
Thermostability is important for molecular evolution because thermolabile proteins have lower mutational robustness. The great majority of amino-acid changing mutations are destabilizing (Tokuriki and Tawfik 2009) . Mutations are likely to render a thermolabile protein non-functional because the mutated protein will not fold to its native form, or because lowered stability reduces the concentration of dissolved protein due to increased aggregation or proteolysis (Sanchez-Ruiz 2010) . Misfolding proteins may even have toxic effects, further increasing the deleterious consequences of destabilizing mutations (Geiler-Samerotte et al. 2011) . A recent computational study concluded that more thermodynamically stable proteins are more robust against random amino-acid replacements (Hormoz 2013) . Thermostability has also been found to substantially increase the likelihood of proteins maintaining functionality after major restructuring (Besenmatter et al. 2007) , and the likelihood of evolving new or improved functions (Bloom et al. 2006) . Thermostability has further been found to decrease the harmful effect of mutagen exposure in an RNA virus (Domingo-Calap et al. 2010) . At the level of amino-acid substitutions, less destabilizing substitutions are more likely to be fixed in evolving lineages (Godoy-Ruiz et al. 2004 , Godoy-Ruiz et al. 2006 , supporting the notion that stability effects of mutations are important in determining the rate of protein sequence evolution.
Temperature effects on mutation and substitution rates
In this section, we outline the effects of temperature on mutation and substitution rates. The logic of the argument is presented with a flow-chart in Figure 2 , and in Figure 3 we give a calculated example of the relationship between temperature and key properties of mutations and substitutions, based on the formulas derived below.
In sexual organisms, mutation rate is thought to be primarily determined by the balance between reduction in the harmful effects of new mutations and the costs of more stringent proof-reading (Dawson 1998 , Sniegowski et al. 2000 . Dawson (1998) derived the solution for evolutionary stable mutation rate when mutations that decrease the fitness of an individual by a fraction (1 -s) occur at infinite number of unlinked diallelic loci, and when modifiers that decrease mutation rate directly decrease individual fitness. The solution given by Dawson (1998) for the evolutionary stable mutation rate (U*) is *
where α(U) describes the relationship between the mutation rate U coded by the modifier, and the direct cost (proportional reduction in fitness) of the modifier to individual fitness. A plausible explicit function for α(U) is
where k is a scaling factor determining the rate at which the costs of reducing the mutation rate depress individual fitness. With this function, we can write the function for U* as *
where the function to be maximized is the fitness of the modifier allele, w:
The evolutionarily stable mutation rate in fitness-affecting loci U* can be found by differentiating w with respect to U = − , and solving = 0 with respect to U, which yields * = ln + .
The solution (eq. 5) implies that mutation rate should evolve to lower level when new mutations are more harmful (i.e., when s increases). Our hypothesis suggests that mutations are more harmful in cold environments and in organisms with low functional temperatures, due to both the direct effect of temperature to molecule stability and the evolved lower thermostability of cold-adapted proteins, and this will result in reduced mutation rate in cold temperatures. In high temperatures, the need to maintain protein structures that are able to withstand heat denaturation should also make mutations more harmful than in benign temperatures. To illustrate the argument, let us assume that the harmfulness of mutations (s) is a function of temperature (T, in °C), with a minimum (m) around room temperature (25°C; this value is arbitrarily chosen to yield a pattern roughly matching empirical data). Note that the relationship formalized in function 6 does not apply to any single protein, but is a heuristic relationship intended to portray the combined effects of temperature adaptation and protein-solvent interactions on mutational effects. We posit that the further temperature deviates from room temperature, the more harmful mutations become.
where a is a constant scaling factor (Fig. 3A) . Substituting eq. 6 to eq. 5 and simplifying, we get the evolutionary stable mutation rate as a function of temperature ( Fig. 3A) :
Noting that the per site mutation rate µ is proportional the genome-wide mutation rate U, and that the rate of neutral substitutions only depends on mutation rate (Hartl and Clark 1997) , the rate of neutral substitutions (e.g. synonymous mutations that do not change the amino-acid in a protein, dS) is simply proportional to the mutation rate ∝ ∝ * and can be modelled as
where p is a scaling factor to translate the genomic mutation rate to per-locus mutation rate. We can thus make the qualitative prediction that the rate of neutral substitutions will be highest at temperatures near the room temperature, and decrease as the temperature approaches 0°C, or reaches high temperatures (Fig.3B) .
The rate of substitutions with fitness effects (e.g. most non-synonymous mutations that alter the amino-acid in a protein, dN) is more difficult to predict, as it depends on the distribution of mutation effects and on the effective population size (Lanfear et al. 2014) . Accounting for these factors is beyond the scope of the current treatment. However, as the great majority of mutations with fitness effects are harmful (Eyre-Walker and Keightley 2007), and as the likelihood of fixation decreases rapidly as the harmfulness of mutations increases (Crow and Kimura 1970) , for current purposes we can model rate substitutions at fitness-affecting loci as
where b is a scaling factor determining the rate of decline in fixation probability with increasing s, and thus relates to the effective population size (larger b means more efficient selection, corresponding to larger effective population size) (Lanfear et al. 2014 ). This formalization predicts that the rate of substitutions with fitness effects decreases rapidly at extreme temperatures, where mutations are more harmful (Fig. 3B) .
The idea that the harmfulness of mutations depends on temperature, and is reflected in mutation and substitution rates, has been put forward before in the context of slow molecular evolution in birds and thermophiles. Prager et al. (1974) noted that birds seem to have a slower rate of molecular evolution than other vertebrates, and suggested that this might be explained by the high body temperature of birds. Since then, several studies have confirmed that molecular evolution is slower in birds than mammals, but faster than in ectothermic vertebrates. Stanley and Harrison (1999) , studying cytochrome b evolution, showed that selection against nonsynonymous mutations is stronger in birds than in mammals. These findings give strong support for the hypothesis that high body temperatures in birds impose strict requirements for proteins and lead to reduced tolerance for amino acid replacements.
In thermophiles, anecdotal evidence that many missense mutations (mutations that change the amino-acid in a protein) are well tolerated in standard growth temperatures but become lethal at elevated temperatures lead Drake (2009) to formulate the "hypothesis of dangerous missense": the average missense mutation harms thermophiles more than mesophiles. In accordance with this hypothesis, Friedman et al. (2004) found that the ratio of non-synonymous to synonymous mutations (dN/dS) was lower in thermophilic than in mesophilic microbes, and attributed this finding to stronger purifying selection against amino-acid changing mutations at high temperatures. Drake (2009) found that the rate of spontaneous mutation is lower in thermophiles than in mesophiles, and suggested that the lower mutation rate is an adaptation to the more harmful effects of mutations in thermophiles. However, as many studies do not include thermophiles to the data (e.g. Gillooly et al. 2005 , Gillooly et al. 2007 ), and do not consider models where increasing temperature could slow molecular evolution down at high (above 40°C) temperatures, it is not surprising that the phenomenon is not widely acknowledged.
Our hypothesis suggests that like high temperatures, also low temperatures lead to reduced mutational robustness (Fig. 3C) , potentially explaining why rates of molecular evolution and speciation are slower in in cold environments (e.g. at high latitudes and altitudes. We are aware of two datasets that can inform about the effect of colder temperatures on strength of selection against non-synonymous mutations. Gillooly et al. (2007) showed that temperature speeds up both synonymous and non-synonymous evolution over a diverse set of animal taxa (ranging from psychrophiles to mesophiles). Although not reported in their original manuscript, the relationship between temperature and dN/dS can be easily carried out from data published with the manuscript. Intriguingly, data suggests that selection against amino-acid changing mutations in cytochrome b is indeed stronger in colder temperatures (Pearson correlation between temperature and dN/dS; r = 0.426, n = 48, P = 0.003). For the other studied gene (nicotinamide adenine dinucleotide), there was a non-significant relationship to the opposite direction (r =-0.311, n = 36, P = 0.065). Wright et al. (2011) studied cytochrome b evolution in marine fishes, and did not find a significant association between temperature and dN/dS. More empirical research is clearly needed to assess the effect of cold temperatures on selection against non-synonymous mutations, and consequent selection for reduced mutation rates.
However, it must be noted that synonymous changes may not all be neutral (Shabalina et al. 2013 ) as certain codons can serve multiple functions by, for example, coding for an amino acid while simultaneously acting as a binding site for transcriptional regulators (Stergachis et al. 2013) . Furthermore, organisms can prefer some codons over others. The usage of synonymous codons appears to follow the proportions of available transfer RNA molecules in the cell, and suboptimal codon usage is likely to select for mutations that re-establish the codon-tRNA balance (Qian et al. 2012) . If the concentrations of tRNAs are known, the mutation rate towards balance could be measured by comparing different types of recently acquired genes. For some genes, this rate may be necessary to be taken into account when dN/dS is determined. Figure 2 . The effects of temperature on mutation and speciation rates. At extreme temperatures (low or high), mutations with fitness effects are more detrimental, which directly slows down evolution at sites that affect fitness (e.g. non-synonymous substitutions, dN). Because mutations are on average more detrimental at extreme temperatures, selection favours reduced mutation rate, and slows down evolution at sites without fitness affects as well (e.g. synonymous substitutions, dS). Slower mutation rate further slows down evolution at sites that affect fitness. Slow evolution of protein-coding sequences means that genetic incompatibilities between isolated populations evolve at a slower rate, reducing the rate at which new species form. Figure 3 . Effects of temperature on mutation and substitution rates. A. We hypothesize that mutations will be more detrimental in both low and high temperatures (red line, left axis), and this will select for reduced mutation rates at extreme temperatures (blue line, right axis; eq. 7). B. The synonymous substitution rate (dS; continuous line) mirrors the mutation rate (eq. 8), but the non-synonymous substitution rate (dN; dashed line) is depressed at extreme temperatures, due to the more intense purifying selection (eq. 9). C. The ratio of substitution rates at coding and non-coding loci shows strong effects of temperature, being positive at the cold temperatures and negative at high temperatures. Values used in the calculations: k = 0.5; a = 8×10 6 ; m = 0.05; p = 10 -7 ; b = 50.
Operative temperatures in ecto-and endotherms
The operative temperatures of organisms are of central importance to our hypothesis. For terrestrial ectotherms that can seek shade to avoid direct sunlight, maximal operative temperatures show little latitudinal gradient from the equator to latitudes up to 50 degrees, being around 25°C to 30°C. However, minimal operative temperatures decline from around 22°C near the equator to 0°C or below at higher latitudes (see Figure 4 in Sunday et al. 2014) . At higher latitudes, proteins therefore need to operate and be stable in both cold and warm environments. We suggest that within the range of operational temperatures encountered by organisms in current global climate (excluding exposed or day-active organisms in hot deserts), minimal operational temperatures exert the strongest selection against non-synonymous mutations and explain the slower rate of molecular evolution in ectotherms at high altitudes and latitudes
A number of studies have found slower rates of molecular evolution at cold ambient temperatures also in endotherms. Bleiweiss (1998) showed that the rate of DNA evolution in hummingbirds decreases with altitude. More recent studies have reported slower cytochrome b evolution at higher latitudes and altitudes in mammals (Gillman et al. 2009 ) and in birds (Gillman et al. 2012) . At first sight, these findings would seem to suggest that some other factor than temperature must drive the rate of molecular evolution, since endotherms can control their body temperature. However, many birds and mammals reduce their body temperature close to ambient temperatures to conserve energy during adverse (cold) conditions by going into torpor. Low torpor body temperatures were speculated as one possible cause for the observed slowdown of molecular evolution by Bleiweiss (1998) and Gillman et al. (2009) . We suggest that cold torpor selects for cold-active proteins that facilitate heating up the body from torpor to active temperature; see e.g. Williams et al. (2011) for rapid changes in the core body temperature of a hibernating ground squirrel. Hence, like psychrophiles, endotherms that regularly go into cold torpor may have evolved thermolabile proteins to enhance catalytic activity in cold, and this has coincidentally increased mutational sensitivity. In mammals, temporal variation in body temperatures increases with increasing latitude and decreasing average temperature (Boyles et al. 2013) , supporting the suggestion that endotherm functional temperatures can follow environmental temperature clines.
Although we suggest that minimal rather than maximal operational temperatures are more important in limiting rates of molecular evolution within the conditions of current climate (excluding hot deserts), the situation may be very different if global climate was much warmer. Elevated temperatures exert stronger boundaries to organismal survival than low temperatures, possibly because of the destabilizing effects of heat on proteins (Araujo et al. 2013) . If global temperatures were to increase significantly, we could thus expect diversity to decline in warmest regions, both via extinction and possibly also via slowdown in molecular evolution. Indeed, during the extreme greenhouse conditions ca. 250 Mya, equatorial regions were devoid of most terrestrial and marine taxa present in other parts of the world at that time (Sun et al. 2012) 
Genetics of speciation
Completion of speciation requires the evolution of epistatic genetic incompatibilities that prevent gene flow between incipient species by causing hybrid inviability or infertility. Such incompatibilities arise most easily in populations that are reproductively isolated. As originally explained by Bateson, Dobzhansky, and Muller, mutations that are adaptive or neutral in the population they originated in can be functionally incompatible when brought together in cross-population hybrids (Presgraves 2010a) . Recently, molecular studies have begun to reveal the exact identities and functions of some such hybrid incompatibility genes. The great majority of the identified loci are protein-coding genes (Presgraves 2010b , Presgraves 2010a . If the rate of amino-acid substitutions is lower in cold temperatures, as we hypothesize, cold temperatures will slow down the speciation rate. Speciation rate will slow down irrespective whether the loci underlying incompatibility evolve neutrally, or whether they are under positive selection, e.g. due to intragenomic or intersexual conflicts (Presgraves 2010a, Crespi and Nosil 2013) , or due to environmental selective pressures. Slower mutation rate will also translate to lower standing epistatic genetic variation, meaning that there is less variation that can potentially evolve to hybrid incompatibilities between isolated populations (Cutter 2012 , Corbett-Detig et al. 2013 ).
Assessing the validity of different hypotheses
We have proposed a mechanism that can explain the strong and consistent associations between temperature, molecular evolution, diversification, and global patterns of species diversity. Our suggested mechanism is based on general biophysical properties of proteins and other biomolecules (like ribozymes), and hence applies to all organisms regardless of the type of environment or trophic position. Currently the most popular hypothesis for explaining the association between temperature and molecular evolution is the Metabolic Theory of Ecology (MTE; Brown et al. 2004 , Gillooly et al. 2005 , Allen and Gillooly 2006 , Gillooly et al. 2007 , which proposes that mass-specific metabolic rates are linearly and positively associated with rates of molecular evolution. Table 1 lists a number of predictions that differ between MTE and our temperaturedependent mutational robustness hypothesis, allowing for comparison of the two hypotheses. Our hypothesis is based on the unique assumption that homologous proteins from organisms from cold (or hot) temperatures will be more sensitive to random amino-acid substitutions at operative temperatures than proteins from mesophilic organisms. Testing this assumption will be crucial for assessing the validity of the mechanism proposed in this article. (Gillooly et al. 2005 , Gillooly et al. 2007 Hump-shaped (increasing from psycrophiles to mesophiles; decreasing from mesophiles to thermophiles) Relationship between operative temperature and dN/dS (lower dN/dS indicates stronger purifying selection)
No relationship (Gillooly et al. 2007) Hump-shaped from psycrophiles to thermophiles.
Relationship between operative temperature and rate of synonymous mutations (per time unit) Increasing, practically linear (after controlling for body mass -0.25 ).
Hump-shaped from psycrophiles to thermophiles (after controlling for possible effect of generation time). Relationship between environmental temperature and rate of molecular evolution in endotherms For organism of equal size, molecular evolution should be faster in cold environments since active metabolic rate increases with decreasing temperature (Anderson and Jetz 2005, Clarke et al. 2010 ).
Slower in cold environments (for species with cold torpor), since cold-active enzymes are less mutationally robust and thus evolve more slowly.
